1. Introduction {#sec0005}
===============

ST2 (IL1RL1, also called as T1) was originally identified as a primary responsive gene, which was highly induced by growth stimulation and oncogenic Ras-induced signaling in quiescent murine fibroblasts \[[@bib0005], [@bib0010]\]. The ST2 gene produces two main different mRNAs by alternative splicing [@bib0015]; these mRNAs encode a soluble secreted protein (ST2), and a membrane bound protein (ST2L) \[[@bib0005], [@bib0020], [@bib0025]\]. By structural analysis of the ST2 cDNAs, ST2 and ST2L exhibit marked similarity with the IL-1 receptor (IL-1R), suggesting that the ST2 gene products, especially membrane bound ST2L, induce similar signaling cascades to IL-1R. After identification of Interleukin-33 (IL-33) as the specific ligand for ST2/ST2L, ST2L stimulated by IL-33 was demonstrated to activate the transcription factor NF-κB and the MAP kinase family through common signaling molecules to IL-1R \[[@bib0030], [@bib0035], [@bib0040], [@bib0045]\]. On the other hand, soluble ST2 protein functions as a decoy receptor for IL-33 and regulates the signaling pathway of ST2L \[[@bib0050], [@bib0055]\]. However, the functional relationship between growth stimulation and the expression of ST2 gene products still remains further to investigate.

Among the *RAS* family, the closely related members such as *KRAS*, *NRAS*, and *HRAS* genes are the most frequently mutated in various types of human cancer \[[@bib0060], [@bib0065]\]. Ras family is also understood to harbor the pivotal roles in the regulation of cell growth, apoptosis, and cell differentiation in a wide variety of mammalian cells [@bib0070]. It is well understood that Ras proteins are converted from their GDP state to their GTP state in response to stimulation by various growth factors and cytokines, and GTP-bound form of Ras exhibits the activity to stimulate cell growth [@bib0070]. The substitution of glycine to valine at amino acid 12 (G12V) or glutamine to leucine at amino acid 61 (Q61L), which are well known as oncogenic mutations found in various tumors, decreases the GTPase activity of Ras protein, and these mutations cause the constitutive activation of Ras protein [@bib0075]. To accelerate cell proliferation, Ras interacts with various effector proteins such as c-Raf-1 kinase, phosphatidylinositol-3 kinase, phospholipase C-ε, etc. [@bib0060].

The acceleration of the cell proliferation by Ras (G12V) requires the induction of several genes such as cyclin D1, and c-Fos, and these expressions are caused by the activation of a number of transcription factors including Ets, β-catenin and AP-1 \[[@bib0080], [@bib0085], [@bib0090]\]. On the other hand, oncogenic Ras also caused the expression of Noxa and Beclin-1, inducers of autophagic cell death, and Ets also activates the promoter of p21, an inhibitor protein for cyclin-dependent kinase \[[@bib0095], [@bib0100]\]. These findings raise a question how oncogenic Ras overcomes the expressions of these anti-proliferative genes, urging us to address the functional analysis of Ras-induced genes.

The precursor protein of IL-33 was originally identified as a nuclear protein, nuclear factor in high endothelial venules (NF-HEV). NF-HEV was reported to associate with heterochromatin, and functions as a transcriptional repressor [@bib0105]. Furthermore, it was reported that NF-HEV regulates the activity of transcription factors such as NF-κB \[[@bib0110], [@bib0115]\], suggesting that NF-HEV functions as a fine tuner for the transcription. Recently, we reported that NF-HEV contributes to the cellular transformation provoked by oncogenic Ras through the critical role in the protein synthesis of cyclin D1 [@bib0120]. The action of NF-HEV seems to be independent of ST2/ST2L, however it is unclear how ST2/ST2L behave in the cellular transformation induced by oncogenic Ras. We already understand that ST2 but not ST2L contributes to cell proliferation of murine untransformed fibroblasts [@bib0125]. However, it is still unclear whether ST2/ST2L harbor the functional importance for the cellular transformation, and if so, what is the significance of ST2/ST2L for the cellular transformation.

In the current study, we investigated the roles of ST2 gene products in the cellular transformation provoked by oncogenic Ras. Although the detailed mechanism still remains to be elucidated, our observations emphasize the functional relationship between oncogenic signal and the expression of ST2 gene products.

2. Materials and methods {#sec0010}
========================

2.1. Cell culture {#sec0015}
-----------------

Murine fibroblast NIH-3T3 and HEK293T cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 100 units/ml penicillin and 100 μg/mL streptomycin.

2.2. Antibodies {#sec0020}
---------------

Anti-FLAG antibody (M2) was purchased from Merck Millipore (St. Charles, MO, USA). Anti-cyclin A (SC-751), cyclin D1 (SC-753), and β-actin (SC-130301) antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-phosphorylated Rb (Ser-807/811, \#9308) was purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-Rb antibodies were purchased from Cell Signaling Technology (\#9309) and BD Biosciences (San Jose, CA, USA, 554136). Anti-ST2 antibody was prepared as described previously [@bib0130].

2.3. Retrovirus production and infection {#sec0025}
----------------------------------------

Retroviruses were prepared as described previously [@bib0135]. HEK293T cells were transfected with helper retrovirus plasmids together with MSCV-ires-GFP or MSCV-ires-Puro encoding the indicated proteins. Viruses were harvested 24--60 h post-transfection, pooled, and stored on ice. Exponentially growing cells (1 × 10^5^ cells per 60-mm-diameter culture dish) were infected twice at 2 h intervals with 2 ml of fresh virus-containing supernatant in complete medium containing 1.0 μg/ml polybrene (Merck Millipore). For the control sample, cells were infected with retrovirus prepared by the transfection with empty vector. Twenty-four hours later, the infected cells were selected by puromycin selection. The puromycin selection was performed for 72 h, and then viable cells were utilized for the experiments.

2.4. RNA interference for ST2 gene products {#sec0030}
-------------------------------------------

Annealed oligonucleotides encoding a short hairpin RNA (sh-RNA) for murine ST2 gene products were inserted into pSUPER-retro-puro retroviral plasmid (Oligoengine, Seattle, WA, USA). The sequences of oligonucleotides used for constructing the sh-RNA retroviral vector against mouse ST2 gene products were as follows: 5′-GATCCCC[gggaagagctgcaaggtgg]{.ul}TTCAAGAGA[CCACCTTGCAGCTCTTCCC]{.ul}TTTTTA-3′ and 5′-AGCTTAAAAA[gggaagagctgcaaggtgg]{.ul}TCTCTTGAA[CCACCTTGCAGCTCTTCCC]{.ul}GGG-3′ (underlined sequences correspond to the sequence [@bib0005] \[19-mer\] of murine ST2, from 876 to 894 in ORF). The sequences of oligonucleotides used for constructing the sh-RNA retroviral vector against human ST2 gene products were as follows: 5′-GATCCCCG[gaaagaaatcgtgtgttt]{.ul}TTCAAGAGA[AAACACACGATTTCTTTCC]{.ul}TTTTTA-3′ and 5′-AGCTTAAAAAG[gaaagaaatcgtgtgttt]{.ul}TCTCTTGAA[AAACACACGATTTCTTTCC]{.ul}GGG-3′ for sh-human ST2 \#1, and 5′-GATCCCCC[gtaagactaagtaggaaa]{.ul}TTCAAGAGA[TTTCCTACTTAGTCTTACG]{.ul}TTTTTA-3′ and 5′-AGCTTAAAAAC[gtaagactaagtaggaaa]{.ul}TCTCTTGAA[TTTCCTACTTAGTCTTACG]{.ul}GGG-3′ for sh-human ST2 \#2 (underlined sequences correspond to the sequences of human ST2). The infection with retroviruses including these sh-RNA into NIH-3T3 cells was performed at the same time with the retrovirus harboring oncogenic Ras.

2.5. Reverse transcription-polymerase chain reaction (RT-PCR) {#sec0035}
-------------------------------------------------------------

Total RNA was extracted by using TRI reagent (Merck Millipore). Single stranded cDNA was synthesized by reverse transcription from 2 μg of total RNA using ReverTra Ace (TOYOBO, Osaka, Japan). Quantitative PCR by using KAPA SYBR Fast qPCR kit (KAPA Biosystems, Wilmington, MA, USA) was performed in a LightCycler 96 (Roche Diagnostics, Indianapolis, IN, USA) with PCR cycles set at 94 °C for 10 sec, 50 °C for 15 sec, and 72 °C for 1 min. The nucleotide sequences of primers used for the quantitative PCR were as follows: ST2 (forward 5′-CAAGAAGAGGAAGGTCGAAATG-3′, reverse 5′-ATGTGTGAGGGACACTCCTTAC-3′), ST2L (forward 5′-CAAGAAGAGGAAGGTCGAAATG-3′, reverse 5′-AGCAACCTCAATCCAGAACAC-3′).

2.6. Focus formation, colony formation, and anoikis assays {#sec0040}
----------------------------------------------------------

A total of 3 × 10^3^ infected NIH-3T3 cells were mixed with 1 × 10^5^ uninfected cells and seeded onto a 60 mm-diameter dish. Two-to-three weeks later, transformed foci were stained with Giemsa and photographed. The focuses exhibiting a diameter of 1 mm or more were counted using NIH ImageJ software, and results were shown in the graph. For the colony formation assay, infected NIH-3T3 cells were seeded onto soft agar at 1 × 10^4^ cells per 35 mm-diameter dish, and grown for 2--3 weeks. The visible colonies showing a diameter of 1.0 mm or more were counted using NIH ImageJ software, and results were shown in the graph. In several experiments, colonies were visualized by the treatment with MTT (3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). To evaluate the resistance to anoikis, cells were suspended in DMEM including 1% FBS, and then seeded onto the 24-well plates treated with poly-HEMA (2-hydroxyethyl methacrylate; Sigma-Aldrich). Twenty-hour hours later, cell viability was measured using a WST-1 assay (Roche Diagnostics, Basel, Switzerland).

2.7. Immunoblotting analysis {#sec0045}
----------------------------

After selection with puromycin, the infected cells were cultured in DMEM including no FBS for 24 h, since serum stimulation could induce the expression of ST2, ST2L, cyclin D1, and the phosphorylation of Rb. Presence of serum could enhance the background of these signals. Cells were suspended in RIPA buffer (10 mM sodium phosphate \[pH 7.2\], 150 mM NaCl, 3 mM MgCl~2~, 2 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.2 U/ml aprotinin, and phosphatase inhibitors) and briefly sonicated on ice. Then, lysates were cleared by sedimentation in a microcentrifuge at 16,400 × *g* for 10 min. Twenty-five μg of whole cell lysates were loaded in each lane of SDS-polyacrylamide gel, and the electrophoresis was performed. And then, the separated proteins were transferred to polyvinylidene difluoride membrane (Merck Millipore). Proteins were detected by immunoblotting analysis with the indicated antibodies. To detect the endogenous ST2 and ST2L proteins, the proteins in conditioned media and whole cell lysates were concentrated by Heparin Sepharose 6 Fast Flow (GE healthcare life sciences, Little Chalfont, UK) and TCA precipitation, respectively. Especially, we adjusted the amount of conditioned medium according to the protein concentration extracted from the cells from which the conditioned medium was collected, and utilized them for column chromatography and immunoblots. Then, concentrated fractions were treated with N-endoglycosidase F (Takara Bio, Shiga, Japan) to remove the sugar chains conjugated with ST2 and ST2L proteins. De-glycosylated ST2 and ST2L were detected by immunoblot with antiserum against mouse ST2 prepared from rabbit [@bib0130]. The probed proteins were visualized by the treatment with ECL (GE healthcare life sciences).

2.8. Enzyme-Linked Immune Sorbent Assay (ELISA) {#sec0050}
-----------------------------------------------

Conditioned medium was collected from each culture dish of infected cells. The concentrations of murine ST2 and IL-33 were measured by using Quantikine ELISA for mouse ST2 (MST200) and mouse/rat IL-33 (M3300) (R&D system, Minneapolis, MN, USA), respectively.

2.9. Cell cycle analysis {#sec0055}
------------------------

Infected NIH-3T3 cells were introduced into G~0~ phase by serum starvation for 24 h. Then, the cells were released into the cell cycle by splitting the cells onto new dishes. After the indicated periods, cells were harvested for the immunoblotting analysis and cell cycle analysis. Immunoblotting analysis was performed with primary antibodies against cyclin D1, cyclin A, c-Myc. p27^Kip1^, and β-actin. For the DNA content analysis, cells were fixed and suspended with the lysis buffer including 25 μg/ml propidium iodide. The cell suspension was analyzed using an LSRFortessa (Becton Dickinson, Franklin Lakes, NJ, USA).

2.10. Statistical analysis of data {#sec0060}
----------------------------------

In the case of colony formation assay and cell proliferation assay, we performed the experiment individually three times in triplicates, and gained similar results. Among all experiments performed, we showed the results from one experiment in triplicate. In other experiments, we performed the experiment individually three times, and showed the data. In the graph, error bar means standard deviation (S.D., n = 3), and the results of calculation of independent t-test were shown.

2.11. Original immunoblot analysis data {#sec0065}
---------------------------------------

In the supplementary file labeled as "Original blots for Ras & ST2", we show all of the data of full-length immunoblots, which were used for the prepared figures.

3. Results {#sec0070}
==========

3.1. Ras (G12V) causes the protein expression of ST2 and ST2L in murine fibroblasts {#sec0075}
-----------------------------------------------------------------------------------

It was reported previously that an oncogenic Ras mutant causes the expression of the soluble form of ST2 in NIH-3T3 murine fibroblasts [@bib0010]. And recently, we also reported that oncogenic Ras induced the mRNA expressions of not only ST2 but also ST2L [@bib0120]. To analyze the effect of an oncogenic Ras mutant on the expression of ST2 gene products, we infected NIH-3T3 cells with a retrovirus harboring oncogenic H-Ras mutant named Ras (G12V) and then, total RNA was prepared. Comparably to previous two reports, we observed a significant induction of the mRNA expression of both ST2 and ST2L ([Fig. 1](#fig0005){ref-type="fig"}A). We additionally attempted to detect the induction of endogenous proteins of ST2/ST2L by Ras (G12V). ST2 is soluble protein, and secreted into conditioned media. To enhance the sensitivity of the immunoblot analysis, ST2 in conditioned media was concentrated by Heparin Sepharose affinity chromatography, and then treated with N-glycosidase F to remove the sugar chains from ST2 protein. In the case of ST2L, whole cell lysates were concentrated by TCA-precipitation, and treated with N-glycosidase F. As shown in [Fig. 1](#fig0005){ref-type="fig"}B, oncogenic Ras significantly induced the expression of ST2 and ST2L proteins.Fig. 1Ras (G12V) causes the expression of ST2 gene products in NIH-3T3 murine fibroblasts. (A) NIH-3T3 cells were infected with the empty retrovirus (CTR) or retrovirus harboring Ras (G12V), and infected cells were selected by the treatment with puromycin (7.5 μg/ml) for 72 h. Then, total RNA was extracted from infected cells, and the expression levels of ST2 gene products were analyzed by quantitative PCR. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). (B) Conditioned medium and whole cell lysates were concentrated, and treated with N-glycosidase F. Then, ST2 and ST2L proteins induced by Ras (G12V) were detected by immunoblot analysis with anti-mouse ST2 antibody, and β-actin was also stained as a loading control for the immunoblot analysis. The intensities of bands were quantified, and shown in the graphs. In the graph, error bars = S.D. (n = 3, \*P\<0.005). Original blots are shown in supplementary file named as "Original blots for Ras & ST2".Fig. 1

3.2. Co-expression of ST2 gene product augments Ras (G12V)-induced cyclin D1 expression {#sec0080}
---------------------------------------------------------------------------------------

To clarify the physiological roles of ST2 gene products in cellular transformation, we attempted to establish the cells expressing the Ras (G12V) alone and the combination including Ras (G12V) and ST2 or ST2L. We utilized retroviruses to forcibly express Ras (G12V) by adjusting the amount of retroviruses, such as 5-, 15-, and 50-fold dilution to monitor the expression level of Ras (G12V) protein. Then, to express ST2 or ST2L together, cells were co-infected with control retrovirus and retroviruses harboring ST2 and ST2L, respectively. We first analyzed the protein expression of endogenous and exogenous ST2 and ST2L in NIH-3T3 cells by immunoblot analysis using anti-ST2 and M2 antibody, respectively. In the whole cell lysates, ST2 and ST2L exhibited multiple bands, which are considered to be due to the heterogeneous glycosylation. Interestingly, Ras (G12V) augmented the expression level of exogenous ST2 and ST2L proteins depending on the protein levels of Ras (G12V) ([Fig. 2](#fig0010){ref-type="fig"}A). However, endogenous ST2 and ST2L failed to be detected by immunoblot using anti-ST2 antibody. Comparing these observations with the results shown in [Fig. 1](#fig0005){ref-type="fig"}, it is suggested that the glycosylation of ST2 could be an obstacle for antibody to recognize the core protein of ST2 and ST2L. Therefore, the glycosidase treatment is required for the detection of endogenous ST2 and ST2L. On the other hand, expression of Ras protein was not altered by co-expression with neither ST2 nor ST2L ([Fig. 2](#fig0010){ref-type="fig"}A and [Fig. 3](#fig0015){ref-type="fig"}A). When ST2 and ST2L were forcibly expressed with Ras (G12V), the expression of cyclin D1 protein was apparently elevated; however, Retinoblastoma protein (Rb) phosphorylation at Ser-807/811 was barely altered ([Fig. 2](#fig0010){ref-type="fig"}A and 2B). To verify the validity of our experiments, we evaluated the expressional ratio between cyclin D1 and exogenous oncogenic Ras, since the expression level of Cyclin D1 may represent the correlation with the expression amount of Ras protein. However, in the presence of ST2, the ratio between cyclin D1 and exogenous oncogenic Ras was clearly higher than other samples, indicating that ST2 clearly accelerates the expression of cyclin D1 induced by oncogenic Ras ([Fig. 3](#fig0015){ref-type="fig"}B). Next, we tested the effect of ST2/ST2L on the mRNA expression of cyclin D1 induced by oncogenic Ras. As shown in [Fig. 3](#fig0015){ref-type="fig"}C, although Ras (G12V) significantly induced the expression of cyclin D1 mRNA, the enforced expression of ST2 or ST2L could not enhance the mRNA expression of cyclin D1 induced by oncogenic Ras.Fig. 2Enforced expression of ST2 gene products in NIH-3T3 cells transformed by oncogenic Ras. (A) We diluted retroviruses to forcibly express the various amount Ras (G12V) by adjusting the amounts of retroviruses harboring gene of Ras (G12V), such as 50- (lane 2, 6, and 10), 15- (lane 3, 7, and 11), and 5-fold (lane 4, 8, and 12) dilution, and infected cells were selected by the treatment with puromycin for 72 h. To co-express ST2-FLAG and ST2L-FLAG, we then infected the retroviruses harboring ST2-FLAG and ST2L-FLAG, respectively. After selection with puromycin, cells were treated with serum starvation for 24 h. Then, whole cell lysates (WCL) and conditioned media (CM) were prepared, and analyzed by immunoblotting with the primary antibodies such as anti-FLAG (M2), H-Ras, cyclin D1, Rb, phosphorylated Rb (Ser-807/811), and β-actin antibodies, respectively. To detect secreted ST2, the culture supernatant (conditioned media: CM) was also analyzed. The positions of bands for ST2L and ST2 are indicated. Original blots are shown in supplementary file named as "Original blots for Ras & ST2". (B) The intensity of the expression of total Rb protein, the ratio between Rb phosphorylation and total Rb, and the expression of cyclin D1 protein were quantitated, calculated, and then results were shown in graphs. In the graph, error bars = S.D. (n = 3, \*P\<0.005).Fig. 2Fig. 3Effect of enforced expression of ST2 gene products on the expression of Ras protein and cyclin D1 mRNA. (A) In the cells analyzed in [Fig. 2](#fig0010){ref-type="fig"}, the intensity of the expression of H-Ras protein, which were normalized with the expression of β-actin, and then results were shown in graph. In the graph, error bars = S.D. (n = 3). (B) The expressional ratio between cyclin D1 and H-Ras was calculated, and then results were shown in graph. In the graph, error bars = S.D. (n = 3). (C) Infected cells were utilized for the total RNA extraction, and analyzed by qPCR for evaluating the effect of Ras (G12V) and ST2 gene products on the expression of cyclin D1 mRNA. The results were shown in graph. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). (D) In the cells analyzed in [Fig. 2](#fig0010){ref-type="fig"}, infected cells were seeded onto soft agar at 1 × 10^4^ cells per 35 mm-diameter dishes, and grown for 2--3 weeks. The colonies were visualized by the treatment with MTT, and the results were shown in graph (magnification: 4 ×). In the graph, error bars = S.D. (n = 3, \*P\<0.005).Fig. 3

3.3. Enforced expression of ST2 gene products accelerates cellular transformation induced by Ras (G12V) {#sec0085}
-------------------------------------------------------------------------------------------------------

We next tested the effects of ST2 and ST2L on cellular transformation. Before performing the experiment, we tested whether Ras could induce cellular transformation in Ras expression level-dependent manner. It was reported that Ras onco-protein could provoke the cellular transformation in its dose-dependent manner [@bib0140], however, our results failed to reproduce their results. As shown in [Fig. 3](#fig0015){ref-type="fig"}D, we infected retroviruses into NIH-3T3 cells to forcibly express Ras (G12V) by adjusting the amount of retroviruses, such as 5-, 15-, and 50-fold dilution, and tested the colony formation abilities. Significantly, 5-fold diluted retrovirus seemed to express the excess amount of Ras (G12V), and exhibited the lower transforming activity than the cases of 50- and 15-fold dilution. This could be explained by a previous report [@bib0145]. Ras protein is modified with farnesyl group, and this modification contributes to the membrane translocation of Ras protein. Excess amount of Ras expression caused the presence of unmodified form of Ras protein, and this unmodified Ras protein that is probably localized in cytosol functions as dominant negative. Then, we chose the condition evaluated in [Fig. 2](#fig0010){ref-type="fig"}, such as 15-fold diluted retrovirus harboring Ras (G12V) for similar expression levels, and utilized them for following experiments. We first analyzed focus formation. As shown in [Fig. 4](#fig0020){ref-type="fig"}A and B, ST2 and ST2L exhibited no ability to form a focus by themselves. However, enforced expression of ST2, but not ST2L accelerated Ras (G12V)-induced focus formation. Furthermore, we performed the analysis of colony formation in soft agar media, and we observed that the enforced expression of soluble ST2 significantly enhanced the colony formation by NIH-3T3 cells transformed by Ras (G12V) ([Fig. 4](#fig0020){ref-type="fig"}C and D). The enforced expression of ST2L also caused the moderate enhancement of colony formation induced by Ras (G12V), therefore we concluded that the enforced expression of both ST2 and ST2L accelerates the cellular transformation provoked by Ras (G12V). It was unexpected that both ST2 and ST2L enhanced the cellular transformation activity of Ras (G12V). Although we do not have suitable explanation for this observation, we guess that ST2 and ST2L may affect the cellular transformation through the different machineries. As a supportive information, we observed that the enforced expression of ST2L enhanced the Ras (G12V)-provoked resistance against anoikis ([Fig. 4](#fig0020){ref-type="fig"}E). On the other hand, ST2 failed to affect Ras (G12V)-induced survival ability.Fig. 4Enforced expression of ST2 gene products accelerates cellular transformation induced by Ras (G12V). (A) NIH-3T3 cells were infected with the indicated combination of retroviruses harboring Ras (G12V), ST2-FLAG, and ST2L-FLAG, and infected cells were selected by the treatment with puromycin for 72 h. Then, a total of 3 × 10^3^ infected cells were mixed with 1 × 10^5^ uninfected cells and seeded onto 60 mm-diameter dishes. Two weeks later, transformed foci were stained with Giemsa, and then photographed at 4 × magnification. (B) The numbers of foci shown in (A) were counted, and the results were shown in the graph. In the graph, error bars = S.D. (n = 3, \*P \< 0.01). (C) Infected NIH-3T3 cells were seeded onto soft agar at 1 × 10^4^ cells per 35-mm dish, and grown for 2--3 weeks. Grown colonies were photographed at 4 × magnification, and the numbers of colonies were counted. (D) The number of colonies of transformed NIH-3T3 cells counted in (C) is shown in the graph. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). (E) To evaluate the resistance to anoikis, cells were suspended in DMEM including 1% FBS, and then seeded onto the 24-well plates treated with poly-HEMA. Twenty-hour hours later, cell viability was measured using a WST-1 assay. In the graph, error bars = S.D. (n = 3, \*P\<0.01).Fig. 4

In the previous report [@bib0120], we mainly performed the focus formation assay to evaluate the transforming activity, and concluded that the recombinant ST2 protein did not affect the focus formation caused by Ras-transformed NIH-3T3 cells. On the other hand, in the current study, we otherwise performed colony formation assay in soft agar-media, and calculated the statistics for these samples. As results, we concluded that the Ras-provoked cellular transformation was accelerated by the enforced expression of soluble ST2 protein.

3.4. Soluble ST2 accelerated the cellular transformation in paracrine- and autocrine-dependent manner {#sec0090}
-----------------------------------------------------------------------------------------------------

In [Fig. 4](#fig0020){ref-type="fig"}, the enforced expression of ST2L exhibited the ability to enhance the colony formation in soft agar media, however failed to accelerate the formation of foci. To negate the possibility that poor expression efficiency of ectopic ST2L in NIH-3T3 cells may cause the result such as lack of ability to accelerate the formation of foci, we evaluated the expression of ST2L by immunostaining analysis. As shown in [Fig. 5](#fig0025){ref-type="fig"}A, almost 80 to 90% of cells expressed FLAG-tagged ST2L, and its expression was strongly enhanced by co-expression with Ras (G12V). On the other hand, it was difficult to detect ST2-FLAG protein, since majority of the protein seemed to be secreted from the cells. By performing ELISA, we measured the concentration of soluble ST2 secreted into conditioned media. As shown in [Fig. 5](#fig0025){ref-type="fig"}B, enforced expression of Ras (G12V) resulted in approximately 4-fold enhancement of concentration of soluble ST2 in conditioned media. On the other hand, enforced expression of ST2 resulted in the secretion of large amount of soluble ST2 protein, and its concentration was almost 30-fold higher than the endogenous soluble ST2 produced by Ras (G12V). Furthermore, Ras (G12V) enhanced the concentration of ectopic soluble ST2, and these observations were well fit with the results shown in [Fig. 2](#fig0010){ref-type="fig"}. On the other hand, the enforced expression of ST2L did not affect the concentration of soluble ST2 in conditioned medium. In addition, we also tested the concentration of IL-33 in conditioned medium. Although Ras (G12V) induced the expression of IL-33 precursor, NF-HEV, which was detectable by immuno-blot analysis, the secretion of IL-33/NF-HEV in conditioned medium was lower than the detectable level by ELISA ([Fig. 5](#fig0025){ref-type="fig"}C), supporting our conclusion that ST2/ST2L accelerate the cellular transformation in IL-33-independent manner. Since soluble ST2 is secreted from producer cells, and then could affect the neighbor cells, we next investigated whether secreted soluble ST2 could accelerate the cellular transformation provoked by oncogenic Ras. Expectedly, when Ras (G12V)-transformed NIH-3T3 cells were co-cultured with untransformed NIH-3T3 cells producing exogenous ST2 protein, number of foci was effectively increased ([Fig. 5](#fig0025){ref-type="fig"}D and E), suggesting that Soluble ST2 accelerates the cellular transformation in paracrine- and autocrine-dependent manner.Fig. 5Soluble ST2 accelerated the cellular transformation in paracrine- and autocrine-dependent manner. (A) Then infected NIH-3T3 cells analyzed in [Fig. 4](#fig0020){ref-type="fig"} were seeded on slide glasses, and fixed with paraformaldehyde. Then, the expression of FLAG-tagged ST2 and ST2L were detected by immuno-staining analysis using anti-FLAG (green). Nucleus was also stained with DAPI (blue). In bottom photographs, scale bars were added (length: 153 μm) (B) Conditioned medium was also collected from the infected NIH-3T3 cells analyzed in (A). Then, concentration of ST2 was analyzed by ELISA. In the graph, error bars = S.D. (n = 3, \*P \< 0.001). (C) Using conditioned medium from control NIH-3T3 and Ras (G12V)-transformed NIH-3T3 cells, ELISA for IL-33 was also performed. Recombinant IL-33 (rIL-33) was utilized as a positive control. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). N.D. means "Not detected". The expressions of Ras (G12V) and intracellular IL-33 were detected by immunoblot analysis. The blot for β-tubulin is a loading control. Original blots are shown in supplementary file named as "Original blots for Ras & ST2". (D) To test the paracrine- and autocrine-dependent effect of ST2 on cellular transformation, 3 × 10^3^ untransformed NIH-3T3 cells or transformed cells provoked by Ras (G12V) were mixed with 1 × 10^5^ normal NIH-3T3 (top photograph), NIH-3T3 producing soluble ST2 (middle photograph), or NIH-3T3 cells expressing ST2L (bottom photograph), and then cultured in 60-mm diameter dishes during 2 weeks. Foci were visualized by staining with Giemsa reagent, and then photographed at 4 × magnification. (E) The numbers of foci shown in (D) were counted, and the results were shown in the graph. In the graph, error bars = S.D. (n = 3, \*P\<0.005).Fig. 5

3.5. Silencing the expression of ST2 gene products suppresses Ras (G12V)-provoked cellular transformation {#sec0095}
---------------------------------------------------------------------------------------------------------

Next, to clarify the functional involvement of endogenous ST2 gene products in Ras-provoked cellular transformation, we tested the effect of knockdown of ST2 gene products on the cellular transformation using retroviruses that express short hairpin RNA (sh-RNA). As shown in [Fig. 6](#fig0030){ref-type="fig"}A, sh-RNA against ST2/ST2L suppressed Ras (G12V)-induced expression of both ST2 and ST2L. Furthermore, we confirmed that the expression of proteins of ST2 and ST2L by performing immunoblot analysis. The expression of soluble ST2 protein was completely silenced by sh-RNA against ST2/ST2L, however ST2L protein was partially remained ([Fig. 6](#fig0030){ref-type="fig"}B and C). We do not have suitable explanation for these different results of the effects of shRNA against ST2/ST2L. While ST2 is a secreted protein, ST2L is a membrane-spanning protein. Life span of protein is affected by a number of conditions such as localization. Membrane-spanning ST2L protein maybe more stable than soluble ST2, this maybe the reason why the expression of ST2L protein was not completely silenced by shRNA against ST2/ST2L.Fig. 6Knockdown of the expression of ST2 gene products in normal and transformed NIH-3T3 cells. (A) NIH-3T3 cells were infected with the indicated retroviruses including Ras (G12V), sh-luciferase (sh-Luc), and sh-ST2/ST2L (Referred to as sh-ST2), and infected cells were selected by the treatment with puromycin for 72 h. And then, total RNA was extracted from infected cells, and the expression levels of ST2 gene products were analyzed by quantitative PCR. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). (B) The reduction of the protein expression of ST2 and ST2L by sh-RNA was detected by immunoblot analysis. Original blots are shown in supplementary file named as "Original blots for Ras & ST2". (C) The results of (B) were shown in the graphs, respectively. In the graph, error bars = S.D. (n = 3, \*P\<0.005).Fig. 6

Strikingly, when the expression levels of ST2 gene products were reduced, Ras (G12V)-provoked transformation was drastically diminished, suggesting that ST2 gene products harbor an essential role in Ras (G12V)-provoked cellular transformation ([Fig. 7](#fig0035){ref-type="fig"}A and B). Interestingly, when ST2 gene products were knocked down, the phosphorylation of Rb protein at Ser-807/811 was significantly suppressed, while the expression of cyclin D1 protein was not altered significantly ([Fig. 7](#fig0035){ref-type="fig"}C and D). These observations strongly suggested that endogenous ST2 gene products have critical roles in Ras (G12V)-provoked cellular transformation through affecting the cell cycle progression, especially the phosphorylation of Rb protein.Fig. 7Silencing the expression of ST2 gene products suppresses the cellular transformation induced by Ras (G12V). (A) Infected NIH-3T3 cells were seeded onto soft agar at 1 × 10^4^ cells per 35-mm dish, and grown for 2--3 weeks. Grown colonies were photographed at 4 × magnification, and the numbers of colonies were counted. In the labels of photographs, RasV means Ras (G12V) mutant. (B) The number of colonies of transformed NIH-3T3 cells counted in (A) is shown in the graph. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). N.D. means "Not detected". (C) Whole cell lysates were prepared from the infected cells and analyzed by immunoblotting with the primary antibodies indicated on the left of the image. Original blots are shown in supplementary file named as "Original blots for Ras & ST2". (D) The intensity of Rb phosphorylation, total Rb, cyclin D1, and the ratio between phosphorylated Rb and total Rb were quantitated, calculated, and then results were shown in graphs, respectively. In the graph, error bars = S.D. (n = 3, \*P\<0.005).Fig. 7

In the previous study, we already reported that ST2L is not required for the cellular transformation provoked by oncogenic Ras [@bib0120]. Therefore, we concluded that ST2 but not ST2L seems to contribute to the cellular transformation provoked by Ras (G12V).

3.6. ST2 gene products may modulate the regulation mechanism of the cell cycle {#sec0100}
------------------------------------------------------------------------------

We also found that the knockdown of ST2 gene products slowed down cell proliferation [@bib0125]. To determine whether ST2 gene products might positively regulate cell cycle progression, we silenced the expression of ST2 gene products in NIH-3T3 cells using sh-RNA and examined its effects on cell cycle progression from G~0~ to G~2~/M phase. Infected NIH-3T3 cells with sh-RNA against control luciferase or ST2 gene products were serum starved to induce growth arrest and then re-stimulated with serum to synchronously enter the cell cycle. Then, cells were harvested for cell cycle analysis and immunoblotting analysis for marker proteins of cell cycle progression such as p27^Kip1^, cyclin D1, cyclin A, and c-Myc. As shown in [Fig. 8](#fig0040){ref-type="fig"}A, the knockdown of ST2 gene products effectively caused the retardation of cell cycle progression. Especially, the entry into S phase was apparently delayed, when ST2 gene products were knocked down ([Fig. 8](#fig0040){ref-type="fig"}B). Although the expression of cyclin D1 protein was slightly decreased, the expression levels of other marker proteins, cyclin A and c-Myc were not altered by the knockdown of ST2 gene products. Interestingly, the expression level of p27^Kip1^ protein was obviously increased at the growth arrest phase in cells in which ST2 gene products were knocked down ([Fig. 8](#fig0040){ref-type="fig"}C). In the previous report [@bib0125], we showed that the addition of recombinant ST2 exhibited no effect on cell cycle progression. In the current study, we utilized the different experimental condition, in which endogenous ST2 gene products were knocked down by sh-RNA, and finally could observe the functional involvement of endogenous ST2/ST2L, probably ST2 in the cell cycle progression. Although we do not have direct evidence, knockdown of ST2 gene products may cause the effective delay in the cell cycle through the increased expression of p27^Kip1^ and maybe slight reduction of cyclin D1 protein. The effect of ST2 gene products on cellular transformation might be due to cumulative alteration of the cell cycle progression.Fig. 8ST2 gene products may modulate the regulation of the cell cycle**.** (A) NIH-3T3 cells were infected with the indicated retroviruses. Infected cells were held in G~0~ phase by serum starvation for 24 h. Then, the cells were released into the cell cycle by dividing the cells onto new dishes. At the indicated time points, cells were harvested and stained with propidium iodide. Cell suspension was analyzed by flow cytometry. (B) The percentage of cells entering into S-phase was shown in graph. Significant difference of the cell population entering to S-phase at 20 hr after cell cycle release between ST2-knockdowned cells and control cells was statistically determined by the Student\'s *t*-test. In the graph, error bars = S.D. (n = 3, \*P \< 0.005). (C) At indicated time points, cells were harvested and analyzed by immunoblot with primary antibodies, as indicated at the left of the image. Original blots are shown in supplementary file named as "Original blots for Ras & ST2".Fig. 8

4. Discussion {#sec0105}
=============

In the current study, we observed that oncogenic Ras induced the expression of both ST2 and ST2L proteins. In the previous report, we found that oncogenic Ras induced the expression of mRNA of ST2 and ST2L (Ref 24, also shown in [Fig. 1](#fig0005){ref-type="fig"}A). However, the current observation in [Fig. 2](#fig0010){ref-type="fig"} suggested that oncogenic Ras enhanced the protein amount of exogenous ST2 and ST2L which were expressed by constitutively active retroviral system. These observations suggested that oncogenic Ras not only stimulates the promoter of ST2/ST2L gene, but also stabilized the ST2 and ST2L protein. These two products were generated by alternative splicing of mRNA, however the detailed mechanism is still unknown. In addition, it was unclear whether cell growth stimulation-induced ST2 gene products are involved in cell proliferation and carcinogenesis. In the previous study, when purified soluble ST2 protein was added to a culture of human glioblastoma T98 G cells, their colony formation in soft agar was effectively diminished [@bib0150]. Recently, Akimoto and colleagues also reported that ST2 inhibits colorectal cancer malignant growth [@bib0155]. On the other hand, it was also reported that the IL-33/ST2 signaling pathway promotes epithelial cell transformation and breast tumorigenesis via accelerated activation of AP-1 and STAT3 [@bib0160]. Furthermore, Yu and colleagues reported that the IL-33-ST2L signaling axis contributes to cancer cell invasion and migration of gastric cancer cells through the activation of Extracellular Signal-regulated kinase (ERK) [@bib0165]. These reports supported the possibility that ST2 gene products contribute to cellular transformation and tumor progression, although these reports include several problems to be solved about the cellular context, especially the status of tumor suppressor genes, because those such as Arf/Ink4a, p53, and Rb have to be inactivated or lost for tumorigenesis \[[@bib0170], [@bib0175]\].

We showed that the knockdown of ST2 gene products reduced the tumor formation by NIH-3T3 cells transformed by Ras (G12V) ([Fig. 7](#fig0035){ref-type="fig"}). The knockdown of ST2 gene products caused the reduction of phosphorylation of Rb protein, suggesting that ST2 gene products seem to contribute to cell cycle progression. On the other hand, we already reported that ST2L was dispensable for the cellular transformation [@bib0120]. Taking these observations together, it was suggested that ST2 more critically contributed to cellular transformation than ST2L, and this is well fit with our previous report [@bib0125].

In the current study, we observed that the knockdown of ST2 gene products caused the suppression of Rb phosphorylation at Ser-807/811 ([Fig. 7](#fig0035){ref-type="fig"}C and D). The phosphorylation of Rb at Ser-807/811 is catalyzed by cyclin-dependent protein kinase 4 and 6 (CDK4/6) complexes, which interact with an essential activator for CDK4/6, cyclin D [@bib0180]. On the other hand, the enforced expression of ST2 and ST2L caused the enhancement of cyclin D1 expression ([Fig. 2](#fig0010){ref-type="fig"}). The expression level of cyclin D1 induced by Ras (G12V) seems to be enough for inducing the phosphorylation of Rb protein, therefore the enforced expression of ST2/ST2L failed to enhance the phosphorylation of Rb caused by Ras (G12V). In the case of breast cancer, the connection between cyclin D1 and estrogen receptor (ER) was reported \[[@bib0185], [@bib0190]\]. Cyclin D1 protein forms a direct physical complex with ER and exhibits a strong synergy with estrogen to activate ER [@bib0195]. It should be noted that cyclin D1 not only interacts with ER but also with several members of the steroid receptor coactivators (SRCs) \[[@bib0200], [@bib0205]\], suggesting that similar events could happen in other types of cellular transformation. Cyclin D proteins were also reported to regulate the abilities of DMP1, a Myb-like protein, and these effects were also connected to the acceleration of cell proliferation \[[@bib0210], [@bib0215]\]. Although speculative, excess amount of cyclin D1 expression might contribute to the acceleration of cell growth mediated by these machineries.

As shown in [Fig. 3](#fig0015){ref-type="fig"}D, the enforced expression of ST2/ST2L failed to enhance the Ras (G12V)-induced expression of cyclin D1 mRNA. Now, we could not explain how ST2 protein enhances the expression of cyclin D1 protein. According to a number of reports, the expression of cyclin D1 protein is complexly regulated by Ras signaling pathway. Ras signal stimulates the cyclin D1 promoter, and induces the expression of cyclin D1 mRNA through the activation of transcription factors such as Ets-2 and AP-1 \[[@bib0220], [@bib0225]\]. Ras signaling pathway also utilizes protein kinase Akt to stabilize cyclin D1 protein via the inhibition of GSK-3β, which functions as triggering kinase for the ubiquitination of cyclin D1 protein \[[@bib0230], [@bib0235]\]. Furthermore, our current study clearly showed that oncogenic Ras accelerates the protein synthesis of cyclin D1 through the functional involvement of intracellular IL-33/NF-HEV [@bib0120].

In the current study, we showed that ST2 gene products, especially soluble ST2 accelerates the cell proliferation, and contribute to Ras (G12V)-induced cellular transformation ([Fig. 9](#fig0045){ref-type="fig"}). IL-33 has been understood to function as an alarmin, which is secreted from necrotic cells [@bib0240]. However, we could not detect the presence of secreted IL-33 in culture supernatant (unpublished data), suggesting that the enhancing effect of ST2 on the oncogenic signals seem to be independent on IL-33. Several research group including us suggested the presence of binding protein for soluble ST2 on the surface of target cells \[[@bib0245], [@bib0250], [@bib0255]\]. To clarify the mechanism how ST2 accelerates the cellular transformation, the identification of ST2 receptor would be an important clue.Fig. 9Working hypothesis for the mechanism how ST2 gene products contribute to the tumor growth and progression.Fig. 9
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